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Abstract 
Safety relief is one of the most cost-effective technical measures for reducing risks of a reaction system under a runaway 
condition. Therefore, in order to investigate the design of a relief port, research on a 38.6wt% methanol-acetic anhydride system 
was carried out by using a high-performance adiabatic calorimeter PHI-TEC II, and effects of different volumes of reactors and 
different masses of reacting substances therein on the area of the relief port were analyzed. Results indicate that the reactor 
volume has minor effects on the relief area, and an increased mass of reacting substances requires an increased relief area. At the 
same time, effects of different relieving pressures on the relief area were investigated, and it was concluded that a lower relieving 
pressure should be set in the design process. 
© 2014 The Authors. Published by Elsevier Ltd. 
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Nomenclature 
W Safety relief amount  
mR mass of reacting substances  
V reactor volume  
hfg               latent heat 
vfg           specific volume change 
Cf           specific heat capacity of the liquid phase 
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ΔT         adiabatic temperature rise from the relieving pressure to the maximum cumulative pressure 
ρ g          vapor density 
ρ f          liquid density 
            average rate of heat release per unit mass 
G           Relief capacity 
A           relief area 
α           void fraction 
 
1. Introduction 
An overpressure caused by thermal runaway of chemical reactions severely threats the safe operation of pressure 
equipment. For equipment with an overpressure risk, besides that safety measures should be taken to eliminate 
factors causing the overpressure, safety measures must be also taken to control or limit the effects of the 
overpressure. In the case that the process and structural design cannot be changed, a pressure relief system is one of 
the most effective technical safety measures. The pressure relief system has the following advantages[1]: (1) it has 
an independent control system; (2) it does not influence the normal operation of the equipment, and it will come into 
action to provide relatively passive protection means in the context of an emergency; (3) it can still provide 
sufficient protection even when other systems such as the reactor, the pipe and the like break down. 
Design Institute of Emergency Relief System (DIERS)[2-5] in America has studied the relief technologies of 
runaways of chemical reactions and has established corresponding models and design methods since 1970s when it 
was founded. Dellavedova et al.[6] studied the accident scene and emergency relief in the carbamate synthesis and 
organic peroxide synthesis at medium and small-sized enterprises by using Phi-TEC II, to guide safety in production 
thereof. WEI Tong-tong and JIANG Hui-ling[7] studied the relief area for di-tert-butyl peroxide by using ARC. 
Douglas Carson et al.[8] adopted a method of similarity theory to give a relief area smaller than that when applying 
DIERS. DENG Ji-ping et al.[9] tested a 38.6wt% methanol-acetic anhydride system by using a high-performance 
adiabatic calorimeter PHI-TEC II, to obtain parameters of thermal behavior of the system under a condition of 
thermal inertia 1.1. According to the analysis of the test results, a relation between the temperature and pressure 
obtained by fitting was basically in accord with Antoine equation. The reaction system was identified as a vapor 
system as for its relief type. 
Herein, effects of different volumes of reactors and different masses of reacting substances therein on the relief 
area of a methanol-acetic anhydride reaction system in the industrial production are analyzed, with Phi-TEC II, by 
changing the set conditions, and effects of different relieving pressures on the relief area are studied by changing the 
relieving pressure. The aim is to apply the measured parameters to the pressure relief design of process equipment 
for producing acetic anhydride by carbonylation of methanol, thereby increasing the level of intrinsic safety of the 
equipment. The research methods and research results have an important reference value for the design and safety 
assessment of similar chemical process equipment. 
2. Experimental 
2.1. Test device 
As laboratory scale calorimetric equipment, a high-performance adiabatic calorimeter Phi-TEC II can accurately 
measure relation curves of reaction temperature-time and pressure-time, as well as curves of temperature rise rate 
and pressure rise rate, under an adiabatic condition. As compared with a traditional accelerating rate calorimeter 
(ARC), an ultimate advantage of Phi-TEC II is in that it can further realize pressure compensation in addition to 
temperature compensation, thereby enabling the employment of a test cell having thin walls and a large volume in 
the test process, resulting in an extremely low thermal inertia (extremely close to that of the industrial scale) in the 
test system. Therefore, accurate and reliable adiabatic data can be obtained in the laboratory scale test, and applied 
to practical scaling up of the process. At the same time, the equipment can quickly track the thermal decomposition 
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process of the materials, with a maximum tracking rate as high as 200ć·min-1. Fig. 1(a) is a structural diagram of a 
real object and a calorimetric unit of Phi-TEC II. 
 
 
1—direct agitation drive system; 2—top guard heater assembly; 3—space filled with insulation; 4—sample fill line; 5—side/bottom guard heater 
assembly; 6—test cell; 7—sample material; 8—magnetic stirrer bar; 9—pressure vessel; 10—magnetic stirrer drive system 
Fig. 1. Phi-TEC II device. 
2.2. Test sample and test condition 
(1) Test sample. 
Test sample was a methanol-acetic anhydride system (38.6wt%), its total weight was 30.14 g, and all of the 
reagents were analytically pure. 
(2) Test condition. 
A stainless steel sample cell with thin walls and a mass of 15.987 g was employed. 
Phi-TEC II was set at a warming step of 5ć, detection sensitivity of 0.02ć·min-1, waiting time of 5 min, an 
initial reaction temperature of 15ć, and a final temperature of 250ć. A pressure difference set by the pressure 
compensation system between the test cell and chamber was less than 0.083 MPa. 
3. Results and discussion 
3.1. Calculation of safety relief amount 
Safety relief amount is calculated herein by employing a modified Leung method[10-12]. 
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where: 
mR —mass of reacting substances, kg; 
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V—reactor volume, m3; 
hfg—latent heat, kJ/kg; 
vfg—specific volume change, m3/kg; 
Cf —specific heat capacity of the liquid phase, kJ/kg·K; 
ΔT—adiabatic temperature rise from the relieving pressure to the maximum cumulative pressure, K. 
Wherein, vfg is specific volume change in m3/kg, which can be obtained from the following equation 
fg
g f
1 1v U U                                                                                (2) 
where:  
gU —vapor density, kg/m3; 
fU —liquid density, kg/m3. 
q  is an average rate of heat release per unit mass (W/kg), which adopts an average value of those under the 
maximum cumulative pressure and the set relieving pressure 
f
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Because that the equation (1) requires a lot of parameters of physical properties under high pressures and high 
temperatures, for some reaction materials, particularly a mixture, it is extremely difficult to obtain these parameters, 
Leung derived a relation equation based on the Clausius-Clapeyron thermodynamic law 
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and thus the equation (1) can be transformed into the following equation 
 
R
20.5
0.5
f
R
d
d
m qW
PVT C T
m T
 ª º§ ·  '« »¨ ¸« »© ¹¬ ¼
                                                         (5) 
when a runaway occurs in the reaction of a vapor system, the relief port will be opened, and the relation between the 
pressure and temperature is in accord with Antoine equation, i.e., logarithm of the pressure has a linear relation with 
reciprocal of the temperature 
ln bP a
T
                                                                                (6) 
temperature derivatives on both sides of the equation are obtained as follows 
2
d
d
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                                                                          (7) 
The curve in the figure was fitted at a relieving pressure of 0.15 MPa, as shown in Fig. 2, to obtain b=2237.6.  
Data under the relieving pressure and maximum cumulative pressure as well as material parameters are listed in 
Table 1. 
3.2. Calculation of safety relief capacity 
The relief capacity of the vapor system is calculated herein by employing an equilibrium rate model (ERM). 
Hypotheses and applicable conditions of the ERM model[14]: 
(1) it is applicable to a vapor system only; 
(2) a flow state of the relief fluid is turbulence; 
(3) an average value of those under the relieving pressure and the maximum cumulative pressure is regarded as  
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the relief capacity; 
(4) friction between the vessel walls and relief pipes is ignored; 
(5) the relief pipes are required to be sufficiently long (> 0.1 m) to ensure equilibrium between the gas phase and 
the liquid phase; 
(6) in a homogeneous bi-phase flow model, because that the relief rate of the gas phase is greater than that of the 
liquid phase, phase slip of the speed may occur between the gas phase and the liquid phase. The influence due to the 
phase slip between the two phases are ignored in the ERM model for conservative considerations; 
(7) the relief fluid is saturated liquid; 
(8) flashing begins when the liquid gets to a certain point in the relief pipeline; 
(9) the vapor phase is ideal gas. 
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Fig. 2. Curve fitting of ln P  and 1000 /T . 
      Table 1. Data under the relieving pressure and maximum cumulative pressure as well as material parameters. 
 Data under the relieving pressure 
Data under the maximum 
cumulative pressure Average values 
Pressure (MPa) 0.15 0.44 - 
Temperature (K) 323.66 387.20 - 
Density of liquid phase 
(kg/m3) -
 - 950a 
Specific heat of liquid 
phase (kJ/kg K) 3.0
b 3.4b 3.2 
Latent heat (kJ/kg) - - 1000b 
Vapor density (kg/m3) 0.97a 2.4a 1.2 
Temperature rise rate 
(°C/min) 1.05 9.32 - 
Note: a is obtained by referring to Material Safety Data Sheet (MSDS) and reckoning; and b is data from the reference[13]. 
 
Fig. 3 is a schematic diagram of the ERM model. 
Relief capacity G of the relief device is calculated by the ERM model 
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through the equation (4) in the modified Leung method, the equation (8) may be derived to obtain 
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Fig. 3. Schematic diagram of ERM model[15]. 
3.3. Determination of relief area 
v
WA
C G
                                                                                  (10) 
relief coefficient Cv=0.8. 
3.4. Effects of reactor volume and material mass 
Effects of different volumes of reactors and different masses of reacting substances therein on the relief area in 
the industrial production will be analyzed. For the convenience of discussion, void fraction is introduced: 
R
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(11) 
For the mass of reaction materials set as mR=1500 kg, relief areas corresponding to different volumes of reactors 
are as shown in Table 2. 
For the reactor volume V=10 m3, relief areas corresponding to different material masses are as shown in Table 3. 
Fig. 4 is a relation curve of the relief area as a function of the void fraction. 
It can be seen from the data results that, in the industrial production, different reactor volumes have minor effects 
on the relief area, and an increased mass of reaction materials requires an increased relief area. 
 
353 Deng Jiping et al. /  Procedia Engineering  84 ( 2014 )  347 – 355 
3.5. Effect of relieving pressure 
The relieving pressure Pv of the reaction system was set as 0.15 MPa in preceding part of the paper. In order to 
consider the effect of different relieving pressures on the relief area, Pv will be respectively set as 0.20 MPa, 0.30 
MPa and 0.40 MPa to perform the study and analysis. Corresponding test data under different pressures are seen in 
Table 4. 
   Table 2. Effect of reactor volume on relief area. 
Void fraction Reactor volume (m3) Safety relief amount (kg/s) Relief capacity (kg/m2·s) Relief area (m2) 
0.37 2.5 2.221 1652 1.68×10-3 
0.60 4 2.215 1652 1.68×10-3 
0.74 6 2.209 1652 1.67×10-3 
0.84 10 2.199 1652 1.66×10-3 
0.89 15 2.188 1652 1.66×10-3 
  Table 3. Effect of material mass on relief area. 
Void fraction Material mass (kg) Safety relief amount (kg/s) Relief capacity (kg/m2·s) Relief area (m2) 
0.84 1500 2.20 1652 1.66×10-3 
0.78 2000 2.94 1652 2.22×10-3 
0.73 2500 3.68 1652 2.78×10-3 
0.60 3800 5.61 1652 4.24×10-3 
0.47 5000 7.40 1652 5.60×10-3 
 
 
Fig. 4. Curve of relief area as a function of void fraction. 
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       Table 4. Experimental data under different pressures for sample 3. 
 b Temperature (K) Temperature rise rate (°C/min) Pressure rise rate (MPa/min) 
0.15MPa 2238 323.66 1.05 0.019 
0.20MPa 2246 348.85 3.43 0.098 
0.30MPa 2258 370.14 8.48 0.330 
0.40MPa 2272 384.21 9.83 0.613 
Relief areas corresponding to different relieving pressures are calculated (reactor volume 2.5 m3, and reaction 
material mass 1500 kg) by using the modified Leung method, and Method 2 in the ERM model, with results seen in 
Table 5. 
Fig. 5 is a relation curve of the relief area as a function of the relieving pressure. It can be seen that, a lower 
relieving pressure requires a smaller relief area; and when the relieving pressure is 0.40 MPa, the relief area required 
is significantly increased, by one order of magnitude as compared with 0.15 MPa, and the temperature rise rate 
reaches 9.83°C/min, which has been greater than the temperature rise rate 9.32ć /min under the maximum 
cumulative pressure, indicating that activation of the relief device at 0.40 MPa is apparently late. Therefore, in view 
of safety and economy, according to the test data, a lower relieving pressure should be set in the relief design, if the 
condition allows. 
Table 5. Relief areas corresponding to different relieving pressures. 
Design pressure Safety relief amount (kg/s) Relief capacity (kg/m2·s) Relief area (m2) 
0.15MPa 2.20 1652 1.66×10-3 
0.20MPa 4.51 1756 2.05×10-3 
0.30MPa 14.0 1993 5.62×10-3 
0.40MPa 82.6 2226 29.67×10-3 
 
 
Fig. 5. Curve of relief area as a function of relieving pressure. 
4. Conclusions 
From PHI-TEC II tests, research on a 38.6wt% methanol-acetic anhydride system was carried out to get the relief 
area, based on a modified Leung method and an equilibrium rate model (ERM). Effects of different volumes of 
reactors and different masses of reacting substances therein on the relief area in the industrial production were 
analyzed, effects of different relieving pressures on the relief area were  also studied. In the industrial production, 
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different reactor volumes have minor effects on the relief area, and an increased mass of reaction materials requires 
an increased relief area. A lower relieving pressure requires a smaller relief area, in view of safety and economy, a 
lower relieving pressure should be set in the relief design, if the condition allows. 
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